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Gold nanoparticles (AuNPs) have been attractive for a broad range of biological applications such as delivery, diagnosis and control. [1] [2] [3] [4] Because their optical properties can vary dramatically with particle shape, 5 one can tune NP absorption throughout the tissue window in the infrared simply by changing synthesis conditions. [6] [7] [8] [9] [10] Consequently, AuNPs have been made in a variety of shapes such as rods, shells, moons, and stars. [11] [12] [13] [14] [15] [16] For all of these particles, their interface to biomolecules and cells influences their biological behavior and consequences. In particular, previous work has determined that NP hydrodynamic size (D H ) and zeta potential (ζ) are key parameters for quantitatively understanding NP cell uptake, stability in biological fluids, propensity for aggregation, and protein adsorption. For example, NPs have been developed for gene delivery. It has been found that particle size, shape and ζ all influence their transport, cellular uptake, and ability to deliver payloads, which all impact overall therapeutic efficacy. [17] [18] [19] [20] [21] Furthermore, ζ is a measure of the tendency of particle aggregation and nonspecific adsorption to proteins, which can cause undesirable biological side effects. 22 Thus, measurement of these parameters is essential for quantifying and understanding not only the intended but also unintended biological responses of NPs.
Typically, commercial zeta-potentiometers are used to measure free mobility (M 0 ) and D H of NPs, which then convert the information into ζ by using simple theoretical formulas approximating the NP as a sphere. Those devices are based on a dynamic light scattering (DLS) method, which is wellestablished for relatively large and spherical biopolymers or colloids. However, they often fail to produce consistent and accurate estimates for ζ when the particle shape is not spherically symmetric because they assume the correlation functions are generated from spheres. In addition, particle surface chemistry more complicated than a completely uniform monolayer of a small molecule, such as a polymer in either single layer or multilayer form, disturbs the particle hydrodynamics and causes deviations from that of hard sphere. Subsequently, measurement of D H for these types of particles is inaccurate and ζ is not well-determined. For cylinders, the simplest non-spherical shape, zetapotentiometers have been used successfully for large (> 1 µm) cylinders with relatively smooth 3 surfaces. [23] [24] However, the gold nanorods (AuNRs) that are broadly used in biological applications are phenylphosphine, Strem Chemicals) and suspended in 0.5× TBE (45mM tris, 45mM boric acid, and 1mM EDTA).
Materials and Methods
Synthesis of spherical AuNPs standards with sodium citrate
Synthesis of sphere, nanorod and short-nanorod with ascorbic acid
Concentrations of reactants in each solution are listed in Table 1 . HAuCl 4 ·3H 2 O and silver nitrate (AgNO 3 ) were added to CTAB and sodium chloride (NaCl) solution and gently mixed by inverting the container. L-ascorbic acid (AA) was added to the solution and mixed by inversion, which made the solution transparent, and then sodium borohydride (NaBH 4 ) was added and mixed by inversion. The solutions were placed at room temperature for at least 12 hrs, and the color of the solution turned dark.
The role of each chemical and influence of its concentration change are found in literature.
12-13
Following a round-trip phase transfer ligand exchange method for replacing CTAB with MHDA (mercaptohexadecanoic acid) described in another work 29 was used to modify the AuNRs with MHDA.
AuNRs modified with MHDA were finally in 0.5× TBE. UV-Visible absorption spectrum of each
AuNR was recorded for quality maintenance, and TEM images ( Figure 1 , JEOL 2011) were analyzed with ImageJ for dimensional data. 28 AR was calculated by length / width.
Gel electrophoresis
Gel electrophoresis of the AuNPs and AuNRs were performed with varying agarose percentages, T (T= 0.5 -2.0%). 0.1, 0.5 and 2.0× TBE were used as gel casting and running buffer. 
where R is the radius of spherical particle, and a and b are constants. The square root of the slope of close to that of the long NR, even though their surface area is almost 50% larger and the volume is twice as much (Figure 3d) . Therefore, the D eff of a cylindrical particle is dependent more on the particle's actual dimensions rather than surface area or volume. The fact that the obtained D eff values are highly similar could be due to the fact that the average of the long and short dimensions of the NRs happens to be close in value (21.5nm for the short AR NRs and 19.5nm for the long ARs). The thickness of polymer layer on non-spherical particles can be achieved also by matching the surface area of the particle to an equivalent spherical particle, [32] [33] however, the method suggested in this paper is more direct. 
Analysis of data for zeta-potential. ζ of the AuNPs and AuNRs was calculated from
7 where 1/κ is Debye length (Supporting Information), R = D eff /2, and ε and η are the permittivity and the viscosity of the media, respectively. Ohshima's corrections to Henry's solution take into account charge relaxation around the particles, which can reduce particle M (Supporting Information for f 3 (κR) and f 4 (κR)):
For cylindrical particles, M can differ depending on how the particle is aligned with the electric field.
M || is defined as the mobility when the long axis of the particle is aligned with electric field, and M for the short axis. When particles are randomly oriented during electrophoresis and no end or relaxation effects are considered, M 0 is a weighted sum of the two different mobility values:
Henry's other solution for an infinitely long cylinder of radius R is:
Harris suggested the upper and lower bounds of M || and M when 1/κ >> R:
The lower bound of M || is applicable only when Debye length is very large (i.e. very weak ionic strength of the media), which is not the case for general physiological conditions. Ohshima derived an exact solution for f cyl (κR) for all range of 1/κ and approximated it as: 
Conclusions
Ferguson analysis has been shown to be feasible for determining the D eff of non-spherical particles by direct interpolation from a sizing standard. The method can also quantify M 0 and ζ with the aid of conventional theories of electrophoresis. For cylindrical particles, assumption of a spherical shape is reasonable for the conditions in this paper in that it gives a similar result compared with that from the cylindrical particle assumption. Because analysis for ζ with cylindrical particles requires TEM imaging to obtain both the size and width, the spherical particle assumption corrected for charge relaxation is much more convenient.
The theories for cylindrical particles used have some limitations, as they assume an infinitely long cylinder, and no charge relaxation corrections to them exist. Presumably, as the length of a cylindrical NR becomes very long, it will not be able to be randomly oriented in the agarose gel structure because of the limited gel pore size. This would require adjustments to Eq. 6. [40] [41] Thus, testing the limits of these theories with very long cylinders would provide insight on how to improve their accuracy. Because surface modification chemistries for NRs and NPs are numerous and diverse, future work will probe the effect of surface chemistry and how it affects gel mobility and the subsequent analysis. Table 1 for further details of synthesis. TEM images were taken after ligand exchange with MHDA since the exchange process sometimes results in a change particle shape. (d) Absorption spectra of spheres, NRs and short-NRs. Data were normalized to the peak value of each sample. SPR peaks were at 528, 760 and 665 nm, respectively. 
